Aims/hypothesis We aimed to identify, in the liver of mice, signal transduction pathways that show a pronounced regulation by acute exercise. We also aimed to elucidate the role of metabolic stress in this response. Methods C57Bl6 mice performed a 60 min run on a treadmill under non-exhaustive conditions. Hepatic RNA and protein lysates were prepared immediately after running and used for whole-genome-expression analysis, quantitative real-time PCR and immunoblotting. A subset of mice recovered for 3 h after the treadmill run. A further group of mice performed the treadmill run after having received a vitamin C-and vitamin E-enriched diet over 4 weeks. Results The highest number of genes differentially regulated by exercise in the liver was found in the mitogenactivated protein kinase (MAPK) signalling pathway, with a pronounced and transient upregulation of the transcription factors encoded by c-Fos (also known as Fos), c-Jun (also known as Jun), FosB (also known as Fosb) and JunB (also known as Junb) and phosphorylation of hepatic MAPK. Acute exercise also activated the p53 signalling pathway. A major role for oxidative stress is unlikely since the antioxidant-enriched diet did not prevent the activation of the MAPK pathway. In contrast, lower plasma glucose levels after running were related to enhanced levels of MAPK signalling proteins, similar to the upregulation of Igfbp1 and Pgc-1α (also known as Ppargc1a). In the working muscle the activation of the MAPK pathway was weak and not related to plasma glucose concentrations. Conclusions/interpretation Metabolic stress evidenced as low plasma glucose levels appears to be an important determinant for the activation of the MAPK signalling pathway and the transcriptional response of the liver to acute exercise.
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Introduction
Regular physical activity is known to have multiple health benefits, including maintenance of insulin sensitivity and cardiorespiratory fitness. The working skeletal muscle is clearly the organ most directly affected during physical activity. Therefore, researchers have focused mainly on the molecular response of the contracting muscle to exercise to elucidate the pathways responsible. Primary events induced in the muscle are the Ca 2+ release from the sarcoplasmic reticulum, ATP consumption and the generation of reactive oxygen species, which lead to activation of signal transduction pathways. The activation of key kinases and mediators within these pathways-importantly, but not exclusively, AMP-activated protein kinase [1, 2] , Ca 2+ / calmodulin-dependent kinases [3] , atypical protein kinase C [4, 5] , and mitogen-activated protein kinase (MAPK) [6] initiates the upregulation of glucose uptake, which is the acute metabolic effect, and also regulates the adaptive response of the muscle to exercise training. Several of these pathways are involved in the exercise-dependent activation of the transcriptional co-activator peroxisome proliferatoractivated receptor-γ coactivator-1α (PGC-1α) [7, 8] and induction of transcription factors nuclear factor-κ light chain gene enhancer in B cells [9] , FBJ osteosarcoma oncogene (c-FOS) and the jun oncogene (c-JUN) [10] in the working muscle. The exercise-dependent differential gene expression in the muscle is an important mechanism in the adaptation to regular physical activity. The transcriptional response of the muscle to one single bout of exercise or contraction as well as to exercise training has been studied extensively. The majority of the differentially expressed genes are involved in glucose and fatty acid metabolism [11] [12] [13] , and in myogenesis [14] , the regulation of transcription [15, 16] and the stress response [17] .
The metabolic adaptation to exercise is not restricted to the working muscle. It has been recognised for decades that the liver, as a major regulator of glucose and lipid homoeostasis, also responds to acute exercise, and increased activities of the gluconeogenic enzymes as well as decreased lipogenic enzyme activities have been found [18] [19] [20] . Compared with the numerous reports on the transcriptional regulation of genes in the working muscle, remarkably little data on exercise-induced gene expression in the liver are available. Some studies have investigated the effects of long-term exercise training on hepatic expression of metabolic enzymes in obese or diabetic rodents [21] [22] [23] . The expression of genes involved in the regulation of glucose and fatty acid metabolism was also found to be regulated by one single bout of exercise. These studies showed upregulation of adiponectin receptor 1 and forkhead box O1 production [24] , downregulation of fatty acid synthase [25] and induction of gluconeogenic enzymes and PGC-1α [26] . The data suggest that the liver is involved in the metabolic adaptation to regular physical activity and that exercise regulates hepatic gene expression. However, less is known about the signal transduction pathways activated by acute exercise in the liver.
To obtain a global impression of the transcriptional response of the liver to one single bout of exercise, we studied the differential gene expression in the liver of mice immediately after a 60 min run on a treadmill under nonexhaustive conditions with whole-genome-expression analysis. In the liver, 536 genes were found to be differentially expressed immediately after cessation of running. The highest number of differentially expressed genes is implicated in the MAPK signalling pathway. Further studies revealed that increased expression of the genes encoding, or activation of, signalling molecules of this pathway is blunted after 3 h of recovery, and that expression was correlated to the plasma glucose levels after exercise and was not prevented by an antioxidant-enriched diet.
Methods

Materials
The mouse Accupacer treadmill with motorised grade adjust was from Hugo Sachs Elektronik (MarchHugstetten, Germany). The LightCycler system was from Roche (Mannheim, Germany). The oligonucleotides were from Qiagen (Hilden, Germany) or Invitrogen (Karlsruhe, Germany). Antibodies against phosphorylated extracellular signal regulated kinase (phospho-ERK), phospho-p38 MAPK, ERK1/2 (p44/p42), p38 MAPK, phosphorylated janus kinase 1 (JNK1), phospho-ser-473 serine/threonine protein kinase/protein kinase B (Akt/PKB) and phosphoser-166-transformed mouse 3T3 cell murine double minute 2 (MDM2) oncogene were from Cell Signalling (Frankfurt, Germany). Antibodies against p53, MDM2 and insulin-like growth factor binding protein 1 (IGFBP1) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against JNK and Akt/PKB were from BD Biosciences (San Diego, CA, USA). The protease inhibitor mixture was from Roche.
Animal care and exercise protocol All animal experiments were conducted in accordance with the National Institutes of Health guidelines of laboratory animal care and were approved by the local governmental commission for animal research (Regierungspraesidium). Male C57BL/6 mice were purchased from Charles River Wiga (Sulzfeld, Germany) and kept under an inverted light-dark cycle (dark period 9:30-21:30 hours, light period 21:30-9:30 hours). All experiments were performed between 10:00 and 14:00 hours. Mice were habituated to treadmill running for 10 min at 5 m/min and 5°inclination twice during 1 and 2 weeks prior to the bout of endurance exercise, which took place at 12 weeks of age. In the experiments, mice ran 60 min at 14 m/min and 14°inclination after 5 min warmup (5 m/min and 5°inclination) and were either killed immediately after the run or placed back in their cages for 3 h recovery. Sedentary mice remained in their cages. Mice attempting to rest were encouraged to continue running by gently tapping on their back. Mice of all groups had no access to food for the last 60 min before they were killed, either because of running or because of food withdrawal. In a further experiment, mice were fed a diet supplemented with 100 mg/kg vitamin C and 2,000 U/kg vitamin E or a control diet (0 mg/kg vitamin C, 149 U/kg vitamin E) based on C1000, Altromin (Lage, Germany) for 4 weeks before the acute exercise experiment. For the experiments not involving dietary modifications, standard chow was purchased from ssniff Spezialdiäten (Soest, Germany). All animals were anaesthetised with an intraperitoneal injection of ketamine (150 mg/kg body weight) and xylazine (10 mg/ kg body weight) and killed by decapitation. Tissues were immediately removed and frozen in liquid nitrogen or directly processed for protein analysis.
Blood variables NEFA and insulin were measured in the EDTA-plasma collected after decapitation. NEFA concentrations were detected by an enzymatic method (ADVIA 1650, Siemens Healthcare Diagnostics, Fernwald, Germany), and insulin levels by radio-immunoassay (Linco Research [now Millipore], St Charles, MO, USA). Glucose was quantified in capillary blood taken from the tail vein using an Accu-Chek Aviva glucometer (Roche).
RNA isolation and microarray analysis Frozen tissue was homogenised in a TissueLyser (Qiagen) and RNA was extracted with the RNeasy Fibrous Tissue Kit (Qiagen) according to the manufacturer's instructions. Total RNA from four mice per group was pooled, amplified with the MessageAmp Kit II (Ambion, Austin, TX, USA) and hybridised to a MouseRef-8 v1.0 Expression BeadChip array (Illumina, San Diego, CA, USA) by the customer service programme of the Microarray Facility, Tuebingen. The service also included image processing, quality control of the arrays, scaling and normalisation of signal values, comparison between experimental and baseline datasets and generation of lists with differentially regulated genes. Only expression changes ≤0.5-fold and ≥ twofold were considered relevant.
We implemented automated access to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [27] to retrieve information about pathways and the participation of the inspected genes in pathways. As a measure of the impact of the single bout of exercise on a particular pathway we counted the number of differentially expressed genes in each pathway and summed the absolute fold change values of the differentially expressed genes participating in that pathway.
RNA isolation, RT-PCR and real-time quantitative PCR
analysis Reverse transcription of total RNA (1 μg) was performed in a volume of 20 μl using random hexamer primers with the First strand cDNA synthesis kit for RT-PCR (Roche). Aliquots (2 μl) were then submitted to online quantitative PCR with the LightCycler system with SYBR green using FastStart DNA-MasterSYBR Green I (Roche) or the QuantiFast SYBR Green PCR Kit (Qiagen). The primer sets used and cycling conditions are described in the Electronic supplementary material (ESM). The quantitative PCR was performed in a volume of 20 μl: 2 μl FastStart DNA-MasterSYBR Green I, MgCl 2 4 mmol/l, and primers at a concentration of 1 μmol/l or according to the instructions of the QuantiTect Primer Assay and QuantiFast SYBR Green PCR Kit.
The mRNA content is given in arbitrary units. Normalisation to β-actin mRNA content gave results comparable with non-normalised values.
Tissue lysates and western blotting Liver and muscles were removed as described and immediately homogenised at 4°C in lysis buffer (50 mmol/l Tris pH 7.6, 150 mmol/l NaCl, 1% [vol./vol.] Triton-X100 containing protease and phosphatase inhibitors). After solubilisation on ice for 30 min, the homogenates were clarified by three rounds of centrifugation (10 min at 12,000 g). SDS-PAGE, 7.5% (wt/vol.), and western blotting were performed as previously described [26] .
Statistical analysis Means ±SEM were calculated and groups of data were compared using the Student's t test. Regression analysis was performed with the statistical software package JMP 4.0 (SAS Institute, Cary, NC, USA). The statistical significance was set at p<0.05.
Results
Microarray expression analysis
In an initial attempt to screen for the genes and pathways most affected in the liver by one single bout of exercise, whole-genome-expression analysis was conducted on the liver RNA obtained from mice immediately after a single treadmill run for 60 min at high aerobic intensity. We found 352 genes upregulated more than twofold, and 184 genes downregulated more than twofold in the liver (giving a total of 536 genes affected), with 37 genes regulated more than tenfold. Analysis of the pathways potentially affected by the differential gene expression showed that-apart from metabolic pathways including fatty acid metabolism, glycolysis/gluconeogenesis, arachidonic acid metabolism, insulin signalling and peroxisome proliferator-activated receptor (PPAR) signalling-the MAPK signalling pathway comprised the highest number of differentially expressed genes and highest sum of absolute fold change values ( Table 1 ). The complete list of regulated genes in the MAPK signalling pathway is shown in Table 2 . In further studies we focused primarily on the activation of the MAPK pathway by acute exercise.
Acute exercise induces pronounced and transient expression of hepatic genes of the MAPK signalling pathway To verify the data of the microarray expression analysis and to study the expression of genes in the recovery phase, mice completed the 60 min run on the treadmill followed by a 3 h recovery phase. We studied the expression of c-Fos, c-Jun and Gadd45γ (also known as Gadd45g) as well as the related transcription factors JunB (also known as Junb) and FosB (also known as Fosb). All five genes showed similar kinetics: an increased expression immediately after 60 min of exercise, which dropped to basal values after 3 h of recovery phase (Fig. 1a-e) . Evaluation of the expression of these genes in oxidative soleus muscle revealed a similar regulation of c-Fos expression (Fig. 1f) , while no significant upregulation of c-Jun, Gadd45γ, FosB and JunB was found (Fig. 1g-j) .
Activation of MAPKs in the liver by acute exercise Next we evaluated the activation of the MAPKs ERK, p38 MAPK and JNK by studying their phosphorylation state in liver extracts from exercised and sedentary mice and comparing the results with the phosphorylation of the kinases in white gastrocnemius or extensor digitorum longus muscles. As the soleus muscle was used for the preparation of RNA, and is a small muscle, it was not possible to monitor protein phosphorylation or abundance in soleus. The phosphorylation of p42/44 ERK was not increased in the liver, but we detected a robust and transient phosphorylation of an ERK isoform (Fig. 2a,b) . The phosphorylation of this ERK isoform was not detectable in muscle tissue, while the phosphorylation of p44 ERK and to a lesser extent of p42 (data not shown) was clearly enhanced in the recovery phase (Fig. 2c,d ). The phosphorylation of p38 MAPK was not induced by the treadmill exercise in all tissues studied (compare Fig. 2e,f,g ). Phosphorylation of JNK could not be detected in white gastrocnemius muscle (data not shown), in line with the results from concentric non-damaging exercise [28] . In the liver, the phosphorylation signal of JNK was increased immediately after the treadmill run (Fig. 2h) . These data further indicate activation of the MAPK signalling pathway by acute exercise in the liver. Microarray expression analysis indicated upregulation of dual-specificity phosphatase (DUSP) isoforms, which dephosphorylate MAPK. We studied the mRNA transcripts of Dusp1, which is expressed in high amounts in the liver, and Dusp6, the protein product of which shows high substrate specificity for ERK [29] , and found a transient upregulation of mRNA levels of both phosphatase genes in the liver (Fig. 2i,j) .
Activation of p53 and p53-target genes in the liver of the exercising mice The p53 signalling pathway was also found by our pathway analysis based on the microarray expression data (Table 1) . We further verified the activation of this pathway by studying the expression of the gene encoding p53 inducible nuclear protein 1 (Trp53inp1), which was transiently upregulated in the liver (Fig. 3a) . In line with expectations, we detected increased p53 protein levels in the liver of the exercised mice, particularly immediately after cessation of the exercise bout (Fig. 3b) . Degradation of p53 is controlled by its interaction with MDM2, and phosphorylation of MDM2 at ser-166 activates MDM2 resulting in higher degradation of p53 [30] . This phosphorylation is controlled by the kinases ERK 1/2 and Akt/PKB [31] . We found significantly higher phosphorylation of MDM2 in the recovery phase, paralleled by an increased phosphorylation of ser-473 in Akt/PKB (Fig. 3c) .
Effect of antioxidant-rich diet on the exercise-induced activation of hepatic MAPK signalling pathway We next aimed to identify the cellular stressors leading to the activation of the MAPK signalling pathway. Although we did not attempt to measure any biomarkers of oxidative stress, the increase in antioxidative gene expression found in the whole-genome-expression analysis (data not shown) suggests that our exercise protocol could have induced oxidative stress in the liver. Moreover, increased generation of reactive oxygen species in the liver of rats after acute exercise has been reported [32, 33] . Therefore, we evaluated the effect of an antioxidant-rich diet on the effects of the single bout of exercise. We fed the mice a diet enriched with vitamin C (100 mg/kg diet) and vitamin E (2,000 U/kg diet) for 4 weeks, while the control group received an isoenergetic diet containing 149 U/kg vitamin E. After 4 weeks, mice fed the vitamin-enriched diet had twofold higher vitamin E plasma values (14.2±2.3 µmol/l vs 7.8±2.0 µmol/l). Mice of both groups performed a single treadmill run for 60 min and gene expression was evaluated immediately after the exercise bout. The mRNA expression of the antioxidative enzymes superoxide dismutase 1 and 2 was not increased after the treadmill run while the mRNA expression of heme oxygenase 1 and metallothionein 1 was highly variable in both groups, with a higher mean value in the mice fed with the control diet ( Fig. 4a-d) . Sedentary mice of both diet groups showed no difference in c-Fos or Gadd45γ expression, and acute exercise induced expression of these genes to a similar extent independent of the diet (Fig. 4e,f) . Moreover, the phosphorylation of the hepatic ERK isoform after exercise was not reduced (Fig. 4g) . Thus, the antioxidative diet appeared not to prevent the exerciseinduced activation of the MAPK signalling pathway in the liver. the major regulator of glucose homeostasis and responds to the increased glucose demand of the working muscle with glycogen breakdown, gluconeogenesis and glucose output into the circulation. We showed previously that the 60 min treadmill run of the mice resulted in glycogen depletion and induction of the gluconeogenic enzymes glucose-6-phosphatase, phosphoenolpyruvate carboxykinase and PGC-1α [26] . Despite these adaptations plasma glucose levels dropped significantly during the 60 min treadmill run (Fig. 5a ). Plasma insulin levels were also reduced after running (27.9±14.3 vs 52.3±33.0 pmol/l in the sedentary group; n=20; p=0.06). NEFA concentrations were increased (816±193 vs 606±176 μmol/l; n=20; p=0.005). This metabolic challenge for the liver was reflected by the rapid and pronounced increase in Igfbp1 mRNA (Fig. 5b ) and IGFBP1 protein (Fig. 5c ) levels. Moreover, high mRNA expression of Igfbp1 after exercise correlated with low plasma glucose levels ( Fig. 5d ) and low plasma insulin concentration after running (p=0.006; R=0.61; data not shown), but did not relate to the increase in NEFA after the run (data not shown). A similar relationship was found for low plasma glucose levels and expression of Pgc-1α (Fig. 5e) , which strengthens the hypothesis that low plasma glucose concentrations are related to high expression of sensors of hepatic metabolic stress. Next we tested whether the concentrations of glucose, insulin or NEFA measured immediately after the 60 min treadmill run were related to the enhanced expression of the genes encoding the MAPK signalling molecules shown in Fig. 1 . The mRNA expression of c-Fos, c-Jun, Gadd45γ and JunB correlated with low glucose concentrations after exercise ( Fig. 5f-i ), but not with glucose concentration before running, NEFA levels post exercise or, with the exception of Gadd45γ expression, with plasma insulin values post exercise (data not shown). No relationship of hepatic expression of FosB after running and glucose levels was found (data not shown). Of note, the increase in c-Fos expression in soleus muscle as shown in Fig. 1 did not correlate with the glucose concentration after the run (data not shown). These data suggest that the fall in plasma glucose concentration during exercise directly or indirectly induces not only the hepatic expression of metabolic genes, but also of genes encoding MAPK signalling molecules.
Involvement of glucose deprivation in the exercise-induced activation of hepatic MAPK signalling pathway The liver is
Discussion
The results obtained in this study clearly indicate that acute non-exhaustive exercise (e.g. 60 min of treadmill running) induces a pronounced and mainly transient activation of the hepatic MAPK signalling pathway in mice. First found in a whole-genome-expression analysis, the enhanced expression of the genes encoding MAPK signalling molecules c-Fos, c-Jun, Gadd45γ and related factors FosB and JunB was verified by quantitative realtime PCR, and the activation of ERK and JNK was shown as enhanced phosphorylation of these proteins in hepatic tissues.
The phosphorylated form of ERK recognised by the antiphospho-Thr-202/Tyr-204 antibody is not identical to ERK1 or ERK2 and the molecular mass, which can be estimated from the immunoblots, is between 44 and 50 kDa. As the anti-p42/44 ERK antibody we used recognises a sequence in the C-terminal region of p44 ERK, the ERK isoform must differ in this region from p42/ 44 ERK. Several isoforms of p42/44 ERK have been reported, such as the 46 kDa ERK1b isoform with a 26 amino acid insertion between residues 340 and 341 of p44 ERK1 [34] . Although ERK1b would fulfil some criteria for being the phosphorylated ERK detected in the liver of mice after acute exercise, further studies are necessary to clarify the identity of this isoform. Of note, ERK1b could be regulated differently from p42/44 ERK. Particularly when p42/44 ERK is under tight phosphatase regulation it has been suggested that ERK1b could still be activated [34] . The upregulation of the MAPK phosphatases DUSP1 and DUSP6 immediately after exercise might provide an explanation for the lack of phosphorylation of ERK1/2 in the liver of the exercised mice. An interesting question concerns the identification of the stimulus and the signalling pathway leading to exercisemediated induction of MAPK signalling proteins. We detected a clear relationship of the glucose concentrations after the exercise bout and the corresponding hepatic expression of c-Fos, c-Jun, Gadd45γ and JunB. A similar correlation was found for Igfbp1 and Pgc-1α expression. Prolonged exercise leads to a large increase in circulating IGFBP1 and the upregulation of IGFBP1 production in the liver in response to decreased glucose and insulin levels and glycogen depletion has been shown to be the main source of circulating IGFBP1 [35, 36] . As we found no correlation of insulin with the expression of c-Fos, c-Jun, JunB and Pgc-1α it appears that in our model, glucose concentrations after running are a better predictor than insulin concentration. But which signal is elicited by the low plasma glucose concentration resulting in increased hepatic gene expression? Of note, this effect is specific for the liver, as no correlation was found between gene expression in the soleus muscle and plasma glucose.
The hormonal regulation of hepatic signalling pathways by the interplay of glucagon and insulin could be responsible for the regulation of hepatic gene expression. Unfortunately, we only measured glucagon plasma concentrations after running in a subset of eight mice, which is not sufficient to study any correlations. However, the lower glucose concentrations post-exercise might be a good correlate for glucagon action. Activation of hepatic glucagon receptors increases cAMP levels, leading to activation of protein kinase A, which activates ERK1/2 [37] and triggers several metabolic changes in the liver leading to enhanced hepatic glucose output [38] . Stimulation of alphaand beta-adrenoceptors by catecholamines also leads to activation of MAPK, and exercise is known to induce plasma norepinephrine and epinephrine concentrations [39] . However, strategies designed to specifically address the function of hepatic adrenergic stimulation during exercise, e.g. hepatic adrenoreceptor blockade in dogs [40] , or inhibition of hepatic innervation in humans [41] , do not support an important role in the stimulation of hepatic glucose output. Of course, this does not exclude the possibility that catecholamines are involved in the activation of hepatic MAPK signalling during exercise. Moreover, it is interesting to note that, independent of pancreatic hormones and catecholamine action, evidence exists that the fall in plasma glucose concentrations has stimulatory effects on the liver leading to enhanced glucose output [42, 43] . The results from these studies suggest that a signal related to the fall in plasma glucose, e.g. other metabolites released from the working muscle, or the decrease in glucose concentrations per se regulates the hepatic response to exercise.
In our study we also tested the hypothesis that exerciseinduced oxidative stress in the liver is implicated in the activation of the MAPK signalling pathway. Some studies reported the upregulation of variables of increased generation of reactive oxygen species such as lipid peroxidation, accumulation of nuclear 8-hydroxydeoxyguanosine, and induction of heat-shock proteins in the liver after acute exercise [32, 44] . Here, we studied the effect of a diet enriched with vitamin C and vitamin E for 4 weeks before the single exercise bout. Similar strategies have been shown a b to be successful in the prevention of exercise-induced oxidative stress in human muscle [45, 46] or in the reduction of oxidative stress in mice [47] . We did not detect differences in the expression of the genes coding for MAPK signalling molecules c-Fos and Gadd45γ, which suggests that oxidative stress is not involved in the upregulation of these genes nor in the activation of MAPK. However, the induction of antioxidative proteins after the exercise bout was quite variable and we did not measure any biomarkers of oxidative stress. Therefore, we cannot exclude that the single treadmill run was not sufficient to induce oxidative stress in the liver nor could we verify the effectiveness of the antioxidant-rich diet. After a 3 h recovery phase the expression values and phosphorylation status returned to values comparable with those in sedentary mice. Mice had access to food in the first 2 h of recovery phase, and plasma glucose levels increased from 6.1±1.4 mmol/l after the run to 7.4±1.0 mmol/l after the 3 h recovery phase, despite the withdrawal of food during the last hour. Thus, the mice could recover from the metabolic stress during running and the expression of MAPK signalling genes and metabolic regulators returned to basal values. Moreover, we found enhanced phosphorylation of Akt/PKB in the recovery phase, and this may be implicated in a negative feedback control to prevent further p53 protein activation via enhanced phosphorylation of ser-166 in its negative regulator MDM2. Phosphorylation at this site is involved in activation of MDM2 and subsequent degradation of p53 [30, 31] .
Taken together, our data indicate that the liver of mice is strongly and rapidly affected by non-exhaustive treadmill exercise, resulting in a pronounced transcriptional response implicating particularly the MAPK signalling pathway. Activation of this pathway appears to be strongly influenced by a fall in plasma glucose levels, but not by oxidative stress. It will be of great interest to study whether the hepatic activation of the pathways found in the wholegenome-expression analysis is involved in the metabolic adaptation of the liver to exercise and beyond that in the beneficial effects of physical activity for the maintenance of insulin sensitivity. The activation of MAPK signalling in the skeletal muscle has been implicated in increased fatty acid uptake and oxidation [48] . Future studies will show how hepatic MAPK signalling is linked to the regulation of hepatic glucose and lipid metabolism during exercise or to the beneficial effects of regular physical activity on hepatic fat content as demonstrated in human studies [49, 50] . (d) , Pgc-1α (e), c-Fos (f), c-Jun (g), Gadd45γ (h), and JunB (i) expression and plasma glucose (glc) concentrations immediately after exercise; d p=0.04, R=0.47 (n=20); e p=0.001, R=0.67 (n=20); f p=0.02, R=0.53 (n=20); g p=0.02, R= 0.51 (n=20); h p=0.03, R=0.56 (n=16); i p=0.002, R=0.66 (n=20)
